Available online 20 February 2017 Cofilin is a ubiquitous protein which cooperates with many other actin-binding proteins in regulating actin dynamics. Cofilin has essential functions in nervous system development including neuritogenesis, neurite elongation, growth cone pathfinding, dendritic spine formation, and the regulation of neurotransmission and spine function, components of synaptic plasticity essential for learning and memory. Cofilin's phosphoregulation is a downstream target of many transmembrane signaling processes, and its misregulation in neurons has been linked in rodent models to many different neurodegenerative and neurological disorders including Alzheimer disease (AD), aggression due to neonatal isolation, autism, manic/bipolar disorder, and sleep deprivation. Cognitive and behavioral deficits of these rodent models have been largely abrogated by modulation of cofilin activity using viral-mediated, genetic, and/or small molecule or peptide therapeutic approaches. Neuropathic pain in rats from sciatic nerve compression has also been reduced by modulating the cofilin pathway within neurons of the dorsal root ganglia. Neuroinflammation, which occurs following cerebral ischemia/reperfusion, but which also accompanies many other neurodegenerative syndromes, is markedly reduced by peptides targeting specific chemokine receptors, which also modulate cofilin activity. Thus, peptide therapeutics offer potential for costeffective treatment of a wide variety of neurological disorders. Here we discuss some recent results from rodent models using therapeutic peptides with a surprising ability to cross the rodent blood brain barrier and alter cofilin activity in brain. We also offer suggestions as to how neuronal-specific cofilin regulation might be achieved.
Introduction
Neurological and neurodegenerative disorders leading to cognitive and/or behavioral deficits are among the most devastating in terms of their financial impact on the economy and their disruption of family life. Alzheimer disease (AD) alone has a very high prevalence, and is currently listed as the 6th leading cause of death for all Americans, despite underreporting. Currently 5.4 million Americans, including 32% of people over the age of 85, are living with the disease. This has a huge economic impact, with payments in 2016 of $236 billion (from Medicare, other insurance providers, as well as out-of-pocket expenditures), plus assistance valued at $221 billion from unpaid caregivers, who provide 83% of care needed by those suffering from AD. By 2050, cases are projected to increase to 13.8 million. Despite this, AD has no pharmacological treatments which can prevent or reverse the loss of synapses and neuronal connectivity that underlies AD symptoms and fatality. Instead, all the current Food and Drug Administration-approved drugs for AD work to bolster cognition by increasing neurotransmitter signaling (Alzheimer's Association, 2016) . For other neurological disorders such as autism and manic/bipolar disorder, there are therapies that can help control symptoms, but none that truly help correct the molecular mechanisms that have been disrupted.
Genetic mutations associated with the less prevalent familial forms of AD result in the overproduction or lack of clearance of the amyloid-β (Aβ) peptide, which accumulates and is eventually deposited in amyloid plaques. Although the cognitive decline of AD subjects is not related directly to plaque burden (Tu, Okamoto, Lipton, & Xu, 2014) , much of the current focus on therapeutics for AD has been on the development of monoclonal antibodies against Aβ or its aggregates, including the drugs aducanumab, gantenerumab, and solanezumab which are currently in phase III clinical trials (Cavanaugh, Pippin, & Barnard, 2014; Panza et al., 2016) . Interim results from double blind studies have suggested aducanumab reduces plaques and Aβ in human and AD mouse brain and slows somewhat the cognitive decline in humans (Sevigny et al., 2016) . However, solanezumab, was recently reported to have failed in slowing the cognitive decline of patients with mild to moderate AD (Le Couteur, Hunter, & Brayne, 2016) . Although monoclonal antibodies have been very effective in some diseases and are important cancer treatments (Scott, Wolchok, & Old, 2012) , their cost must be considered, especially for a chronic disease like AD that affects millions of people. The average annual cost per patient of the top 9 monoclonal antibody drugs was $200,000 in 2012 (Shaughnessy, 2012) . At this amount, treating the more than 5 million AD sufferers in the US with monoclonal antibody therapy would cost over 1 trillion dollars per year.
Antibodies are not the only option for biologically-designed disease interventions. Peptide drugs offer opportunities for rational design and specificity, with relatively inexpensive production ($100/g), and a higher than average success rate at clinical trials (26% success rate for peptide drugs vs. 10% for all classes of drugs) Otvos & Wade, 2014) . Although lower development and production costs do not always result in a sustainable cost to the patient (Hartung, Bourdette, Ahmed, & Whitham, 2015) , currently available peptides drugs, although highly variable in cost, are still significantly less expensive than monoclonal antibody therapy . There are peptide drugs in development for treatment of AD, but the focus continues to be on the disruption of Aβ aggregation Sun, Funke, & Willbold, 2012) . Focusing so exclusively on one approach (minimizing Aβ) seems far too risky for such a costly, common, and devastating disease. What about targeting other downstream processes?
Cofilin as a therapeutic target
The actin cytoskeleton is critical for all aspects of neuronal development, including formation of neurites, directed outgrowth of axons and dendrites, and the formation of synapses. In dendritic spines, the postsynaptic structures on excitatory synapses in the hippocampus and cortex, actin dynamics modulate the insertion of ion channels and the morphological changes associated with long-term potentiation (LTP) and longterm depression (LTD), electrophysiological correlates for memory formation. Morphological and functional alterations in dendritic spines are observed in human subjects and/or genetic mouse models of AD (Calabrese, Wilson, & Halpain, 2006; Dorostkar, Zou, Blazquez-Llorca, & Herms, 2015; Rust, 2015) , Down syndrome (Belichenko et al., 2004) , Fragile X syndrome (Grossman et al., 2010) , schizophrenia and autism (Blundell et al., 2010; Copf, 2016; Foote, Qiao, Graham, Wu, & Zhou, 2015; Liu et al., 2016; Qiao, Foote, Graham, Wu, & Zhou, 2014) , sleep deprivation (Havekes et al., 2016) , and manic/bipolar disorder (Zhang, Q et al., 2016; Lee et al., 2016) .
Cofilin, along with the less-abundant but related protein actin depolymerizing factor (ADF), is a critical regulator of the actin cytoskeleton in many systems, including dendritic spines, the major postsynaptic structures on excitatory synapses in brain. In vitro, ADF and cofilin sever actin filaments, but through their cooperative binding to F-actin, they can also stabilize and saturate short actin filaments (Andrianantoandro & Pollard, 2006; Chan, Beltzner, & Pollard, 2009; Chen & Pollard, 2011) . Because cofilin is about 12 fold more abundant in neurons than ADF (Garvalov et al., 2007) , we will henceforth exclusively refer to cofilin in this review. Dendritic spines undergo dynamic changes during learning and memory (Kennedy, 2016) , and cofilin plays a major role in dendritic spine shape and volume (Bamburg & Bernstein, 2016; Lei, Omotade, Myers, & Zheng, 2016; Rust, 2015) . In vivo cofilin collaborates with many other actin binding proteins to dynamically remodel the actin cytoskeleton into actin meshworks, branched or linear filament arrays, or short F-actin networks, which through assembly dynamics and treadmilling alters membrane structure and organization (Fig. 1) . Mutations in some of these collaborating proteins or their regulatory factors may lead to developmental, neurological, or psychiatric disorders (Liu, 2011; Moon & Winshaw-Boris, 2013) . Activation of cofilin under conditions of oxidative stress may lead to its dimerization and formation of linear bundles of 1:1 cofilin-actin (rods) within neurites, affecting transport and synapse function (Bamburg & Bernstein, 2016; Chen & Wang, 2015) . Active cofilin also competes for actin filament binding with myosin II motors to alter contractility (Kanellos et al., 2015; Wiggan, Schroder, Krapf, Bamburg, & DeLuca, 2017; Wiggan, Shaw, DeLuca, & Bamburg, 2012) . Myosin II, the major myosin form associated with actin filament contraction and tension, is found in spines where it plays a role in maintenance of mushroom-shaped spine heads, as well as in the dynamics of spine protrusion and retraction, and in the clustering of glutamate (AMPA receptor) subunits important for proper spine function (Kneussel & Wagner, 2013) . Thus, cofilin regulation of myosin II-F-actin interaction may be as important to spine function as its ability to disassemble and remodel the actin structures within spines. Although the levels of expression and/or regulation of other actin modulatory proteins can mediate alterations in dendritic spine shape and dynamics that occur in many neurodegenerative or neurological disorders, accumulated evidence suggests a central role for cofilin phosphoregulation in spine modulation (Zhou, Homma, & Poo, 2004) . Although alternative explanations may exist for many of the results reviewed below, our intention is to provide a unifying model rather than many divergent ones to explain the cognitive and behavioral deficits and how these are normalized in the animal models described. Thus, alternative explanations are not explored.
Cofilin phosphoregulation
Dephosphorylation of cofilin phospho-ser3 is required for cofilin binding to actin and is mediated by the relatively specific but unrelated phosphatases, slingshot (SSH) and chronophin (CIN) (Huang, DerMardirossian, & Bokoch, 2006; Mizuno, 2013) (Fig. 2) . Mammals express multiple isoforms of SSH (Ohta et al., 2003) , one of which changes in expression along with actin dynamics and cofilin phosphorylation during hippocampal development (Lauterborn et al., 2016) . Although phospho-cofilin is inactive in binding to actin, it does activate phospholipase D1 leading to production of membrane phosphatidic acid (Han et al., 2007) . Such effects of phospho-cofilin are usually not investigated although this activity could dramatically alter transmembrane signaling since some upstream regulators of Rho family GTPases, such as DOCK2, need to bind phosphatidic acid before they can be activated by phosphatidylinositol phosphates to serve as guanine nucleotide exchange factors for Rho family GTPases (Ammar, Kassas, Bader, & Vitale, 2014; Nishikima et al., 2009) (Fig. 2) . Several DOCK family proteins are expressed in neurons (Gadea & Blangy, 2014) .
Ser3-phosphorylated cofilin has been found to be associated with various isoforms of the 14-3-3 family of scaffolding proteins. Increasing expression of 14-3-3ζ increases the ser3 phosphorylated pool of cofilin (Gohla & Bokoch, 2002) . Cofilin interaction with 14-3-3 is also mediated by a recognition motif that includes cofilin ser23/24, but mutation of these two residues to ala has no effect on either ser3 phosphorylation or 14-3-3 binding to the ser3 phosphorylated form (Gohla & Bokoch, 2002) . However, either or both ser23/24 can be phosphorylated by PKCα, and this modification (or expression of a phosphomimetic form in which glutamates are substituted at these positions) results in preferential binding to 14-3-3ζ. In mast cells, PKCα phosphorylation of ser23/ 24 is used as a mechanism to inactivate cofilin through 14-3-3 binding and promote F-actin polymerization necessary for cessation of degranulation and histamine release (Sakuma et al., 2012 ). 14-3-3 also binds to a protein kinase D1 phosphorylated motif in SSH, helping to maintain SSH in its inactive state (Eiseler et al., 2009; Nagata-Ohashi et al., 2004; Soosairajah et al., 2005) (Fig. 2) .
Rapid activation of cofilin in response to ephrin A transmembrane signaling in neurons is dependent upon SSH, which is also localized to dendritic spines in mature neurons (Zhou, Jones, & Murai, 2012) . The requirement of the calcium/calmodulin-activated phosphatase calcineurin (aka PP2B) for SSH-mediated cofilin activation (Zhou et al., 2012) , suggests dephosphorylation of either SSH or another SSH effector may be the regulated step (Mizuno, 2013; Wang, Shibasaki, & Mizuno, 2005) . SSH activation and cofilin dephosphorylation may be transient, as occurs during early phases of high frequency stimulation leading to LTP (Gu et al., 2010) , but spine shrinkage and retraction rather than enlargement will occur if SSH (and thus cofilin) remains active, such as during LTD (Zhou et al., 2004; Zhou et al., 2012) . Indeed, the spine shrinkage that occurs in LTD is mechanistically separate from the depression in ion channel activity (functional LTD). Both are downstream of PP2B activation by calcium, but blocking the spine shrinkage by inhibiting cofilin activation does not block the ion channel depression (Zhou et al., 2004) . Furthermore, spine growth may also be enhanced by actin polymerization stimulated by phospho-cofilindependent activation of phospholipase D1 (Calabrese, Saffin, & Halpain, 2014; Han et al., 2007) .
Although less well-studied than SSH, a major role for the phosphatase CIN in dendritic spine plasticity has been suggested by recent findings. CIN knock out mice have increased phospho-cofilin levels and greatly enlarged spines on glutamatergic neurons, whereas CIN overexpressing mice have more immature spines with small heads . Surprisingly, the CIN overexpressing mice with small spines show enhanced LTP and LTD induction (enhanced plasticity), whereas o Fig. 1 . Modulation of actin and dendritic spine morphology by cofilin and ancillary proteins. Actin dynamics and network formation depend upon nucleation factors, crosslinkers and G-actin subunit availability. Nucleation factors in spines include formins, involved in linear filament growth such as filopodial extensions for initial spine formation, and the Arp2/3 complex, which nucleates branched filament networks (Spence & Soderling, 2015) . The role of cross-linkers, such as filamin, drebrin, and α-actinin, and the cross-linking and contractile motor myosin II, in creating the actin meshworks that contribute to spine morphology is still being elucidiated (Chazeau & Giannone, 2016; Ivanov, Esclapez, Pellegrino, Shirao, & Ferhat, 2009; Kneussel & Wagner, 2013; Korobova & Svitkina, 2010; Segura et al., 2016) . In addition to changes in dendritic spine shape and volume during LTP and LTD (structural plasticity), changes in ion channel surface expression and activity (functional plasticity) mediate synaptic transmission efficiency. Both processes rely on regulation of the actin cytoskeleton and myosin motors (Chazeau & Giannone, 2016; Kneussel & Wagner, 2013; Lei et al., 2016; Spence & Soderling, 2015) . Cofilin works in concert with many other proteins to regulate actin filament dynamics, most notably as a factor to promote actin severing and depolymerization, allowing spine shrinkage for LTD, although cofilin activity may be transiently required for actin polymerization-dependent processes such as LTP (Gu et al., 2010) . At saturating concentrations (*) cofilin promotes stabilization of F-actin but inhibits myosin II from binding actin and thus modulates myosin II-mediated contractile activity, which is necessary for synaptic functions including ion channel trafficking. In neurons undergoing oxidative stress, cofilin-saturated filaments can bundle into rods, sequestering cofilin and compromising synaptic function (Bamburg & Bernstein, 2016) . Cofilin can also remove Arp2/3 complex-branched filament networks (Chan et al., 2009) , although a cofilin-related protein (glial maturation factor, GMF) has evolved with greater efficiency in this function (Poukkula et al., 2014; Ydenberg et al., 2013) . Cofilin competes for F-actin binding with some proteins, such as drebrin (Grintsevich & Reisler, 2014) and long isoforms of tropomyosins (Tpms), but short Tpms allow and may enhance cofilin effects (Bryce et al., 2003; Janco et al., 2016) . Other proteins work in conjunction with cofilin to modulate actin dynamics: coronin1b (crn) enhances the recruitment of cofilin to F-actin (Mikati, Breitsprecher, Jansen, Reisler, & Goode, 2015) ; actin interacting protein 1 (Aip) enhances the severing ability of cofilin and its complete disassembly of F-actin (Gressin, Guillotin, Guérin, Blanchoin, & Michelot, 2015; Jansen et al., 2015; Nadkarni & Brieher, 2014; Ono, Mohri, & Ono, 2004) . Srv2 enhances the dissociation of cofilin from cofilin-actin monomers, or it can enhance cofilin-mediated filament depolymerization from both ends of uncapped filaments (Balcer et al., 2003; Chaudhry et al., 2014; Johnston, Collins, & Goode, 2015) . The source and maintenance of the G-actin pool in spines is less well understood. Monomer pools in brain are composed primarily of profilin-actin and Tβ4-actin complexes (Devineni et al., 1999) , with profilin-actin being preferentially used for formin-mediated filament elongation (Lee et al., 2013) . Profilin and Tβ4 inhibit Arp2/3 complex nucleation of filaments and thus serve as a gatekeeper for the switch between Arp2/3-branched networks and linear arrays ( CIN knock out mice show large deficits in both LTP and LTD. These results suggest that receptor trafficking and insertion and not spine size may be the most functionally important aspect of cofilin-mediated actin dynamics in spines (Gu et al., 2010; Kim et al., 2016) . The only known mechanism of CIN regulation is via its ATP-dependent binding and release by the chaperone heat shock protein 90 (Huang, Minamide, Bamburg, & Bokoch, 2008) . This mechanism may operate in spines. The majority of ATP utilized by neurons maintains ionic homeostasis and cytoskeletal dynamics (Bernstein & Bamburg, 2003; Gisselsson, Toresson, Ruscher, & Wieloch, 2010) . Since mitochondria are found in only~20% of spines , it is quite likely that ATP levels may fluctuate rapidly in spines due to their small volume and highly active Na + /K + and Ca 2+ ATPases working to restore membrane potential after depolarization. Cofilin is inactivated with respect to actin binding through phosphorylation by the relatively specific kinases LIM kinase (LIMK) 1 and 2 and the related TES kinase 1 and 2. Although TES kinases may be expressed in some neurons (Toshima, Toshima, Suzuki, Noda, & Mizuno, 2001) , LIM kinases appear to be the major neuronal cofilin kinases. Whereas mice in which LIMK2 was knocked out had minimal abnormalities in dendritic spine structure and function, those in which LIMK1, or one of its upstream activators Rho kinase (ROCK2), was knocked out had deficits in spatial learning, alterations in LTP and spine structure abnormalities (Meng, Zhang, Tregoubo, Falls, & Jia, 2003; Meng et al., 2002 Meng et al., , 2004 Zhou, Meng, Asrar, Todorovski, & Jia, 2009 ). LIMK1 palmitoylation is critical for both targeting and function of LIMK1 in spines (George, Soares, Montersino, Beique, & Thomas, 2015) , as is its phosphorylation on thr508 by various isoforms of p21-activated kinase (Pak) and Rho kinase, suggesting LIMK1 activation and cofilin phosphorylation take place at the membrane. SSH can dephosphorylate LIMK1 as well as phospho-cofilin, thus having both direct and indirect effects on cofilin activation (Soosairajah et al., 2005) (Fig. 2) .
Cofilin phosphoregulation is significantly shifted from the norm in rodent models of many neurological disorders, including AD (Woo, Boggess, et al., 2015; Woo, Zhao, et al., 2015; Zhao et al., 2006) , autism (Duffney et al., 2015; Liu et al., 2016) , manic/bipolar disorder , sleep deprivation (Havekes et al., 2016) , neonatal isolation (Tada et al., 2016) , and neuropathic pain (Qiu et al., 2016) (Table 1) . Dendritic spine shrinkage occurs as a result of cofilin hyperactivation (dephosphorylation) and has been observed in hippocampal neurons during establishment of long-term depression ( Fig. 2 ; Zhou et al., 2004) , and in neurons of the hippocampus but not the prefrontal cortex of sleep deprived mice (Havekes et al., 2016) . Neonatal rats subjected to social isolation exhibit increased aggression as juveniles, and this correlates with increased cofilin phosphorylation in the prefrontal cortex (Tada et al., 2016) . Together, these findings demonstrate that cofilin activity within different CNS neuronal populations is uniquely responsive to the specific input. Furthermore, inhibition of the 14-3-3 family proteins in mice by expression of an isoform-independent inhibitory peptide (difopein; Fig. 2 ) leads to a loss in dendritic complexity and spine density in forebrain excitatory neurons, and schizophrenia-related behavioral phenotypes (Foote et al., 2015; Qiao et al., 2014) . Although downstream targets of 14-3-3 proteins are many, a significant decline in ser3 phospho-cofilin levels were observed in these mice, suggesting the possibility that cofilin hyperactivation leads to spine loss.
Given the central role of cofilin in the regulation of actin dynamics, it is not surprising to find that cofilin activity is altered in AD and other neurological disorders. Although a shift in the phospho-cofilin pool is certainly not indicative of direct cofilin involvement, dysregulation of cofilin is an intriguing hypothesis for a common causative event in many seemingly unrelated neurological and degenerative disorders Fig. 2 . Overview of some dendritic spine signaling pathways of importance to this review. Cofilin is inhibited in binding to actin by phosphorylation and is activated by dephosphorylation. Active cofilin can sever F-actin, or bind cooperatively to saturate and stabilize pieces of F-actin, as elaborated in Fig. 1 . Cofilin binding to F-actin also competes with myosin II, inhibiting its contractile activity. The sites of inhibition by the cofilin-derived S3 and phosphoS3 (pS3) peptides are shown. LIM kinases (LIMK) and slingshot phosphatases (SSH) that regulate cofilin are themselves subject to regulation in response to many different receptors in dendritic spines, only some of which are shown here. The C-terminal domain (CTD) of NLG1 is generated by the activity of the same protease (γ-secretase) that cleaves APP to generate Aβ in AD. Abbreviations used in this figure and not defined elsewhere are: Pak-interacting exchange factor β (PIX), an activator of Rac1 and Rap1; Pak inhibitory domain (PID); G-protein coupled receptor (GPCR), which, when activated, stimulates nucleotide exchange on the alpha subunit of a heterotrimeric G protein, stimulating adenylcyclase (AC) to make cyclic AMP (cAMP), which activates protein kinase A (PKA) anchored via A kinase anchoring protein (AKAP), but whose response is limited by lowering cAMP via activation of a phosphodiesterase (PDE); ionotropic glutamate receptors and signaling proteins are organized by multidomain scaffolding proteins including postsynaptic density protein 95 (PSD-95), and synapse-associated protein PSD-95-associated protein/guanylate kinase-associated protein (SAPAP/ GKAP); protein kinase D1 (PKD) phosphorylates and inactivates SSH; RanBP9 interacts with integrin dimers that contain the β1 subunit (α/β1). that provides a potential therapeutic target. As discussed below, the finding that the behavioral or cognitive deficits of disease model rodents can be ameliorated by modulating cofilin expression or activity strongly implicates cofilin dysregulation as an important effector of the deficits (Table 1) .
Modulating cofilin activity alleviates deficits in rodent models of neurological disorders
Aβ interacts with many synaptic proteins including the cellular prion protein (PrP C ), NMDA receptor, ephrin type B-2 receptor, immunoglobin constant domain gamma receptor IIb, paired immunoglobulin-like receptor B, metabotropic glutamate receptor 5 (mGluR5) and β1-integrin (Benilova & DeStrooper, 2013; Um et al., 2013; Woo, Boggess, et al., 2015) . Many of these synaptic proteins have been linked to effectors modulating cofilin phosphoregulation. Indeed, PrP C was found to be necessary for cognitive deficits in a mouse AD model (Table 1; Gimbel et al., 2010) . PrP C is a required co-receptor for binding of Aβ to β1-integrin (Woo, Zhao, et al., 2015) and mGluR5 (Haas et al., 2016) . Furthermore, Aβ-binding to β1-integrin signals in a PrP C -dependent manner through RanBP9, a scaffolding protein and nuclear import factor, leading to cofilin dephosphorylation by SSH (Woo, Boggess, et al., 2015) . In a mouse model of AD (Table 1) , decreasing RanBP9 or cofilin expression by crosses with RanBP9 or cofilin hemizygous mice results in protection from learning and memory defects in a contextual fear conditioning response, indicating the importance of cofilin activity levels in hippocampal learning and memory (Woo, Boggess, et al., 2015; Woo, Zhao, et al., 2015) .
Small molecule inhibitors of cofilin function include the natural products, phalloidin and jasplakinolide, both of which inhibit cofilin binding to F-actin. However, these compounds are highly toxic to cells and thus cannot be used to interrogate the role of cofilin in cellular processes. Therefore, studies aimed at elucidating cofilin function have relied on modulating cofilin phosphoregulation by expression of constitutively active S3A mutants or by expression of an inactive phospho-mimetic form of cofilin, S3E or S3D, which is assumed to block dephosphorylation of endogenous phosphorylated cofilin (Gu et al., 2010; Konakahara, Ohashi, Mizuno, Itoh, & Tsuji, 2004; Popow-Wozniak, Mazur, Mannherz, Malicka-Blaszkiewicz, & Nowak, 2012) . Peptides known to affect cofilin activity levels by modulating its phosphorylation have been in use for some time (Aizawa et al., 2001; Zhou et al., 2004) . The S3 peptide containing the first 16 amino acids of cofilin inhibits cofilin phosphorylation by LIMK and thus increases cofilin activity in cells (Aizawa et al., 2001) . Although not directly demonstrated, a ser3 phosphorylated version of this peptide (pS3), like the expressed phospho-mimetics of the protein, presumably inhibits the dephosphorylation of cofilin by phosphatases, thus inhibiting cofilin activation (Zhou et al., 2004) . The presence of the pS3 peptide or expression of the S3E phosphomimetic mutant of cofilin-1 in neurons interferes with insertion of new AMPA receptors in dendritic spines subjected to chemical or electrical LTP, whereas the presence of the S3 peptide or expression of the constitutively active cofilin S3A interferes with spine enlargement that follows chemical or electrical LTP stimulation (Gu et al., 2010) . Thus, unlike LTD in which channel depression is independent of cofilin, both components of LTP, the increase in functional glutamate receptors on spines and the increase in spine size, are cofilin-dependent processes.
Recently a therapeutic approach utilizing the pS3 peptide was applied to an AD mouse model (Table 1; Deng et al., 2016) . The pS3 peptide was rendered cell permeable by inclusion of the highly basic protein transduction domain (GRKKRRQRRRPQ) of the human immunodeficiency virus (HIV) TAT protein. Administration of this peptide, but not a scrambled peptide or the TAT peptide alone, by i.v. injection of 10 pmol/g once daily for 7 days significantly increased phospho-cofilin but not total cofilin in cortical slices of this AD mouse line (Deng et al., 2016) . Surface expression of both NMDA and AMPA receptors was partially corrected by this treatment, as was the electrophysiological behavior (LTP) of brain slices from the TAT-pS3 peptide injected animals but not from animals injected with the TAT peptide alone. Improvements in working memory (T-maze) and novel object recognition also occurred exclusively in the TAT-pS3 peptide-injected group.
The cell permeable TAT-S3 and TAT-pS3 peptides also have been used to reduce or eliminate deficits in several other neurological disorder rodent models (Table 1) . Mice with a hemizygous deficiency in the postsynaptic scaffolding protein Shank3 exhibit autism-like traits including social deficits and increased repetitive behaviors. These deficits were linked with decreased NMDA receptor localization to synapses due to misregulation of the synaptic actin cytoskeleton. Injecting Shank3 ± mice with TAT-pS3 rescued these autism-like defects and normalized NMDA receptor and synaptic actin localization (Duffney et al., 2015) . Furthermore, wild type mice in which cofilin phosphorylation has been inhibited by blocking the LIMK signaling pathway develop the social deficits of the autistic mice, supporting the role of cofilin in the autistic behavior (Duffney et al., 2015) . Other autistic mouse models have been developed by expression of mutations in, or gene knock out of, transmembrane proteins linking pre-and post-synaptic compartments (Lin, Frei, Kilander, Shen, & Blatt, 2016) . It remains to be determined if all of these have in common the downstream regulation of cofilin, although for one of these proteins, neuroligin 1, cofilin regulation plays a central role (see Section 7 below). Other psychiatric disorders also may arise from alterations in cofilin activity in dendritic spines. Deletion of neural Abelson-related genebinding protein 2 (nArgBP2) in mice results in impaired spine development and memory along with manic/bipolar behaviors (Zhang, Q et al., 2016; Lee et al., 2016) . nArgBP2 knock-down mice develop excitatory glutamatergic synapses along dendritic shafts but not in spine heads, suggesting altered synaptic receptor trafficking. These mice also demonstrate increased Pak phosphorylation and reduced cofilin activity, in conjunction with increased WAVE1 activity. WAVE1 enhances actin filament branching by Arp2/3 complex (Sloane & Vartanian, 2007) , suggesting that excessive branched filament formation may be causing the defect. Normal spine function can be rescued in these mice by inhibiting Pak, or by expressing an active (non-phosphorylatable) cofilin (S3A) while sequestering WAVE1 by targeting it to mitochondria .
Although not yet tested in animal models, peptide modulation of cofilin activity may also be useful in the treatment of Down syndrome (DS; aka trisomy 21). Overexpression of a DS cell adhesion molecule has important consequences in neuronal proliferation, maturation, and synaptogenesis that appear to be mediated via a Pak-dependent pathway activating LIMK and inactivating cofilin (Perez-Nunez et al., 2016) . Another chromosome 21 overexpressed protein, DS critical region 1 protein, a regulator of calcineurin, modulates axonal outgrowth and brain derived neurotrophic factor-induced growth cone guidance via local protein synthesis and cofilin phosphoregulation (Gehler, Shaw, Sarmiere, Bamburg, & Letourneau, 2004; Wang W. et al., 2016) . Furthermore, DS critical region 1 protein also interacts with Fragile X mental retardation protein, with which it may share a common pathway leading to intellectual disability (Wang, Zhu, Chang, & Min, 2012) .
Painful neuropathies result from a variety of neuronal injuries and metabolic diseases (Jensen & Finnerup, 2014) . Many studies have shown that synaptic amplification of signals in the dorsal horn of the spinal cord enhances chronic neuropathic pain, and such signals are accompanied by changes in actin organization and spine morphology (Tan, Chang, Zhao, Hains, & Waxman, 2011) . In a study of neuropathic pain induced in rats by a chronic constriction injury of the sciatic nerve, pain alleviation, inferred through behavioral analysis, was provided by inhibiting ROCK and LIMK, and most interestingly, by the TAT-S3 peptide (Table 1) . This suggests that increased cofilin activity reduces pain transmission signaling (Qiu et al., 2016) .
The memory deficits associated with sleep deprivation have been associated with spine shrinkage and loss within the hippocampus. The deficits are modeled in mice deficient in the cyclicAMP-degrading phosphodiesterase-4A5, which reduces LIMK activation downstream of G-protein coupled receptors (Fig. 2) , and appear to arise from cofilin hyperactivation in the CA1 region of the hippocampus. Both memory and spine deficits can be blocked in sleep deprived mice as well as in cyclicAMP-degrading phosphodiesterase-4A5 knock out mice by hippocampal expression of S3D cofilin. This was achieved through microinjection of an adeno-associated virus expressing S3D driven by a promoter that is active in glutamatergic excitatory neurons in the hippocampus (Havekes et al., 2016) . Similarly, the aggressive tendencies of neonatally-isolated rats can be corrected by modulating cofilin activity through virus-mediated local expression of full-length cofilin. In this case, hyperphosphorylation (reduced activity) of cofilin is counteracted by expression of constitutively active cofilin S3A (Tada et al., 2016) . Although this approach is not peptide therapy per se, it suggests that local synthesis of cofilin activity-modulating peptides (such as S3 or a pS3 mimetic form such as S3D) within neuronal sub-populations might be applicable to a wide variety of neuro-behavioral issues. Our expanding knowledge of nanovehicles (restructured toxins and viruses) for delivery of genetic material into the CNS makes this approach one that could become viable for therapeutic delivery in the future (Ovsepian, O'Leary, Ntziachristos, & Dolly, 2016) .
ROS and neurodegeneration
In addition to phosphoregulation, changes in oxidation also alter cofilin and actin dynamics. The overproduction of reactive oxygen species (ROS) is associated with most neuroinflammatory and neurodegenerative disorders (Fischer & Maier, 2015; Hsieh & Yang, 2013) . Mical, an actin-binding NADPH oxidase, produces ROS in response to the Semaphorin neuronal growth cone repellants (Hung et al., 2010) . ROS produced by Mical is able to oxidize actin on methionine 44 and 47, which increases actin's critical concentration for assembly 10 fold. Cofilin bound to F-actin represses the ability of Mical to oxidize F-actin but cofilin also greatly accelerates the depolymerization of Mical oxidized F-actin (Grintsevich et al., 2016) . A specific methionine sulfoxide reductase is able to reverse the oxidation of actin, making this another pathway for localized cofilin-mediated actin assembly regulation (Hung, Spaeth, Yesilyurt, & Terman, 2013) .
ROS can also directly modulate cofilin in two different ways. Direct oxidation of cofilin cys 139 and 147 to sulfenic acid impairs its actin binding. This oxidation occurs in response to hydrogen peroxide production in migrating fibroblasts, and expression of a double cysteine mutant (C139,147A) that cannot be oxidized impairs cell spreading (Cameron et al., 2015) . It is unclear whether this oxidation of cofilin occurs in dendritic spines, however, in neurons, cofilin activation under conditions of mild oxidative stress results in formation of an intermolecular disulfide bond between cys 147 and cys 39 of a second cofilin (Bernstein, Shaw, Minamide, Pak, & Bamburg, 2012; Pfannstiel et al., 2001 ). This modification does not interfere with cofilin binding to F-actin and, in vivo, may actually occur between cofilin that is already bound to short pieces of F-actin, contributing to the generation of cofilin-actin rods (Bamburg & Bernstein, 2016; Chen & Wang, 2015) , which have a cofilin:actin stoichiometry of 1:1 (Minamide et al., 2010) .
At least two distinct pathways regulate the production of ROS required for cofilin sequestration into rods. One pathway is dependent upon one or more isoforms of membrane NADPH oxidase (NOX) and is mediated by PrP C working as a co-receptor with many other transmembrane receptors (Walsh, Minamide, et al., 2014) . This pathway for ROS generation is utilized by proinflammatory cytokines and Aβ peptides to induce rods with a time to half-maximum response of about 6 h. Overexpression of PrP C in the absence of an external inducer is sufficient for initiating this NOX-dependent rod formation. However, inhibition of NOX or using neurons from PrP C -null mice does not affect their ability to form rods induced by mitochondrial inhibitors, anoxia/ hypoxia, or excitotoxic levels of glutamate. Rods formed by these latter inducers have a time to half-maximum response of about 10-15 min.
Based on the observation that anoxia and hypoxia induce cofilinactin rods in neurons of cultured hippocampal slices (Davis et al., 2009 ), a role for cofilin-mediated synaptic deficits in cerebral ischemia (stroke) and in neuroinflammation has also been suggested. Indeed, a small peptide (AcSDKP) derived from the actin monomer sequestering protein thymosin β4 (Tβ4) was shown to improve sensimotor function and spine numbers in a rat model of traumatic brain injury, although its mechanism for doing so appears to involve its ability to decrease substance P-mediated neuronal injury (Zhang, Y et al., 2016;  Table 1 ). Nevertheless, these findings beg the question: could cofilin modulatory peptides also be developed that are effective in treating neuroinflammation and stroke? The answer appears to be yes, although the discovery of such a peptide was quite serendipitous, arising from studies on HIV.
To develop specific reagents to inhibit HIV infection of cells, peptides derived from the HIV envelope protein gp120 were tested for inhibiting viral uptake. One peptide was further modified to enhance cell binding and peptide stability. This peptide, D-ala-Peptide T-Amide (DAPTA), an octapeptide with the sequence D-ala-STTTNYT-amide, was found to be an antagonist of G-protein-coupled chemokine receptors CCR2 and CCR5 (Padi et al., 2012; Polianova, Ruscetti, Pert, & Ruff, 2005) used by HIV to gain cell entry. Activation of many chemokine receptors leads to a rapid dephosphorylation of cofilin and a corresponding decline in phalloidin stained F-actin (Cameron et al., 2010) , whereas inhibition of cofilin activation through stimulation of the Rac1, LIMK, cofilin pathway blocks entry of CCR5-tropic HIV-1 viruses (Anand, Zhao, Nagaraja, Robinson, & Ganju, 2013) . CCR5 is also implicated in the inflammatory process in AD. Administration (i.v.) of DAPTA to rats that were chronically treated with lipopolysaccharide to induce brain inflammation dramatically inhibited the neuroinflammatory response (activated microglia and astrocytes) (Rosi, Pert, Ruff, McGannGramling, & Wenk, 2005) . DAPTA also protects against focal cerebral ischemia-reperfusion injury in rats (Li et al., 2016;  Table 1 ). Although the mechanism of this protection is not known, a similar peptide discussed below has been shown to inhibit and reverse cofilin-actin rods induced in neurons by proinflammatory cytokines (Ruff, 2014; Walsh, Minamide, et al., 2014) .
Challenges in delivery of peptide therapeutics
The TAT fusion peptides used in the previously cited papers to alter phosphoregulation of cofilin affect biological processes in the brain, as evidenced by changes in electrophysiology and neuronal biochemistry after intravenous peptide injection. Nearly three decades after the discovery of TAT, there is still debate in the field about how cell penetrating peptides (CPPs) function, likely because multiple complex and variable mechanisms can take place simultaneously (Bechara & Sagan, 2013; Trabulo, Cardoso, Mano, & Pedroso de Lima, 2010) . Research has focused on various ways to improve or quantify the ability of CPPs to cross the blood brain barrier (Sancini et al., 2013; Zou, Ma, Wang, Yang, & Liu, 2013; Zhang, D et al., 2016) . Although TAT is used frequently, there may be CPPs superior in brain permeability, including the 18 amino acid vascular endothelial cadherin-derived peptide pVEC (Elmquist, Hansen, & Langel, 2006) , which demonstrated improved influx characteristics and less brain efflux than TAT. Yet even pVEC shows extensive accumulation in organs other than brain, including spleen, liver and kidney (Stalmans et al., 2015) . However, these measurements were made with the cell penetrating peptide alone. Each fusion of a CPP to a cargo can alter transport dynamics and must be assessed individually.
Another concern with peptide drugs is their stability. Most peptides are rapidly degraded by proteolysis. Modification of peptide drugs to overcome this is part of the drug design process. Possible modifications include incorporation of D-stereoisomer amino acids (such as in the peptide DAPTA), N-terminal acetylation, C-terminal amidylation, or fusion to a very stable protein such as human serum albumin (Weinstock, Francis, Redman, & Kay, 2012; Wang, M et al., 2016) . The peptides used in the above studies were i.v. injected, which is not an ideal delivery system for a drug treatment in chronic disease. There are additional hurdles to overcome to make a peptide drug orally-deliverable, including protecting the peptide from degradation in the digestive tract and ensuring sufficient absorption across the intestinal wall. These hurdles are so significant that as of 2015 there was only one clinically useful oral formulation of a peptide drug (desmopressin) (Choonara et al., 2014; Karsdal et al., 2015) .
Despite these hurdles, DAPTA and related peptides under development offer some hope in the treatment of cognitive and motor disorders. RAP-310, an all D-amino acid version of DAPTA (ASTTTNYT) without the C-terminal amide, is reported to improve memory and learning in AD model mice (Ruff, 2014) . Furthermore, this peptide is orally deliverable. A similar peptide, RAP-103 (all D-amino acid TTNYT), was able to attenuate rodent neuropathic pain, and like DAPTA, blocked G-protein-coupled chemokine receptors (Padi et al., 2012) . For structured peptides, substituting D-amino acids for the naturally occurring L-amino acids gives a mirror image peptide that does not usually maintain high affinity interactions with natural binding partners of the L-amino acid peptide. The similar biological activity of DAPTA, RAP-103, and RAP-310 suggest that the multiple hydroxyl and amide side chains of the amino acids might be of more importance than the sequence. In this regard, it is of interest that scyllo-inositol, a six carbon sugar alcohol with alternating up and down orientations of the hydroxyl groups, inhibits Aβ-induced degenerative changes in neurons in vitro and in AD mice (Jin & Selkoe, 2015; McLaurin, Golomb, Jurewicz, Antel, & Fraser, 2000) . Could the neuroprotective effects of DAPTA, RAP-310 and scyllo-inositol arise from their ability to bind a common target? Anti-inflammatory effects through cytokine receptor antagonism are one possibility (Li et al., 2016) . More speculatively, all of these reagents might interact with PrP C or other proteins involved in ROS production and cofilin-actin rod formation (Walsh, Kuhn and Bamburg, 2014) . RAP-310 is able to block rod formation at picomolar levels (Ruff, 2014) . Unfortunately, RAP-310 is currently mired in a legal battle, preventing its effective development as an AD or HIV therapeutic (Borchers, 2015) .
Challenges in cellular specificity of peptide therapeutics
In the studies reported above, mice treated with the cofilinmodulating TAT peptides did not exhibit any acute or overt toxicity from short-term treatment, but there are still concerns that altering the activity of a protein critical for regulation of the actin cytoskeleton in all cells over the periods of time necessary to treat a chronic disease could have deleterious consequences. Gaining specificity by limiting the drug's action to the cell type affected by AD is one approach to limiting the side effects of a new potential AD treatment. There are many neuron-specific signaling pathways that regulate cofilin phosphorylation levels, most of them mediated by proteins found localized at or near postsynaptic densities (Bellot et al., 2014; Spence & Soderling, 2015) . Some of these pathways may be restricted to subsets of neurons in specific brain regions, such as the Pak3-mediated pathway involved in X-linked mental retardation (Allen et al., 1998) . Theoretically, one could target pathways that either inhibit cofilin phosphatases or activate cofilin kinases. To date, no neuronal specific pathways are known that target slingshot, although such a regulatory pathway may exist for certain members of the protein kinase D family, which inactivate SSH by phosphorylation of ser402 (Barisic et al., 2011; Doppler et al., 2014) . In contrast, there are many known neuronal specific pathways for the activation of LIMK (Spence & Soderling, 2015; Tejada-Simon, 2015) . Many of these start 3 or 4 steps upstream of LIMK, although the further upstream the pathway is modulated, the less specific that modulation will be.
Mice that are deficient in neuroligin 1 (NLG1), the postsynaptic binding partner of neurexin (Lisé & El-Husseini, 2006; Song, Ichtchenko, Sudhof, & Brose, 1999) , have deficiencies in synapse development and spine function that have been linked to autism and other psychiatric disorders (Blundell et al., 2010; Phillips & Pozzo-Miller, 2015) . Surprisingly, these deficits in NLG1 knock out mice appear to be independent of the expression of the NLG1 transmembrane domain but arise through increased activity of cofilin in spines due to the loss of signaling from the proteolytically cleaved 126 amino acid NLG1 C-terminal domain (CTD) Suzuki et al., 2012) (Fig. 2) . The NLG1-CTD enhances the phosphorylation of cofilin by binding to and downregulating SPAR, a GTPaseactivating protein. Loss of SPAR leads to increased activity of Rap1/ Rac1 in spines, which, presumably via Pak and LIMK1, increases cofilin phosphorylation (Fig. 2) . Delivery of TAT-NLG1-CTD to neurons in hippocampal slices of NLG1 knock out mouse brain restores phosphorylation of cofilin and alleviates most of the electrophysiological deficits in LTP and LTD (Table 1 ). This rescue is not achieved when the NLG1-CTD is truncated by 4 amino acids, removing a known PDZ-binding motif, a common structural domain shared by the major postsynaptic density protein PSD-95 (Romero, von Zastrow, & Friedman, 2011) . SPAR is a PDZ domain-containing protein and through its PDZ domain interacts with the 7C-terminal residues of the NLG1-CTD (Li, Zhang, Cao, Wu, & Shi, 2006) . Although further studies are needed to develop higher affinity NLG1-CTD peptides for binding to and causing SPAR degradation, such a peptide might provide a neuron-specific enhancer of cofilin phosphorylation, working upstream of LIMK activation.
Conclusions
The neuronal cytoskeleton, consisting of actin filaments, intermediate filaments and microtubules, is dynamic and regulates virtually every aspect of neuronal development and function. Neurofilaments have been deemed important in motor neuron disease (Bruijn, Miller, & Cleveland, 2004) , and microtubules play major roles in organization of neurite polarity and compartmentalization, as well as in vesicular transport (Romaniello, Arrigoni, Bassi, & Borgatti, 2015) . Several drugs that function by stabilizing microtubules have made it into clinical trials for treatment of neurodegenerative diseases (Eira, Silva, Sousa, & Liz, 2016) . Actin filaments, which are the major dynamic structural element within postsynaptic densities, have been understudied as potential targets for modulating synaptic function. Here we bring to attention recent studies which demonstrate that control of actin dynamics through modulation of cofilin activity has the potential to decrease or eliminate functional synaptic deficits in neurodegenerative, psychiatric, and pain disorders. Peptide reagents, with their potential for high target and cell type specificity, low cost, and possibly long term stability through use of D-amino acids, might be the future direction for research in this area.
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